Monoclonal antibodies directed against the capsid protein of rabbit hemorrhagic disease virus (RHDV) were used to identify field cases of European brown hare syndrome (EBHS) and to distinguish between RHDV and the virus responsible for EBHS. Western blot (immunoblot) analysis of liver extract of an EBHS virus (EBHSV)-infected hare revealed a single major capsid protein species of approximately 60 kDa that shared epitopes with the capsid protein of RHDV. RNA isolated from the liver of an EBHSV-infected hare contained two viral RNA species of 7.5 and 2.2 kb that comigrated with the genomic and subgenomic RNAs of RHDV and were recognized by labeled RHDV cDNA in Northern (RNA) hybridizations. The nucleotide sequence of the 3' 2.8 kb of the EBHSV genome was determined from four overlapping cDNA clones. Sequence analysis revealed an open reading frame that contains part of the putative RNA polymerase gene and the complete capsid protein gene. This particular genome organization is shared by RHDV but not by other known caliciviruses. The deduced amino acid sequence of the capsid protein of EBHSV was compared with the capsid protein sequences of RHDV and other caliciviruses. The amino acid sequence comparisons revealed that EBHSV is closely related to RHDV and distantly related to other caliciviruses. On the basis of their genome organization, it is suggested that caliciviruses be divided into three groups.
Since 1980 the occurrence of an apparently new disease affecting wild and farmed hares has been reported in many European countries. The term European brown hare syndrome (EBHS) has been used by most workers to designate the disease. The etiology of EBHS remained unclear until it was shown by animal experiments and electron microscopy analysis (12, 21) that EBHS is caused by a nonenveloped virus, termed EBHS virus (EBHSV), which appeared to be similar to the rabbit hemorrhagic disease virus (RHDV).
Numerous data point toward a relationship of EBHSV and RHDV. EBHS and RHD are very similar with regard to clinical signs as well as pathological and histopathological changes. Both diseases are characterized by high mortality, reaching 90 to 100% in adult animals (9, 15, 28) . Degeneration of hepatocytes and necrosis of the liver are the predominant lesions in diseased animals (28, 29) . Morphologically, the virions of RHDV and EBHSV are apparently indistinguishable (3, 9, 21) . Antigenic relatedness between RHDV and EBHSV has been demonstrated by Western blot (immunoblot) using hyperimmune serum against RHDV (9) . Thus far, neither virus has been adapted to continuous growth in cell culture. The striking similarities between EBHS and RHD prompted several investigators to perform cross-species infections. Although transmission was reported to be successful in some instances, most cross-species infections have failed to induce disease (5, 9, 31) . Discrimination between RHDV and EBHSV was possible by immunoelectron microscopy (9), hemagglutination (28, 29) , and enzyme-linked immunosorbent assay (ELISA) (5) . These but distinct from, RHDV is responsible for outbreaks of EBHS.
RHDV has been identified as a member of the Caliciviridae family (30, 33) . Caliciviruses are nonenveloped positive-strand RNA viruses with a diameter of about 35 to 39 nm (37) . The virions are composed of a single-stranded RNA about 7.5 to 8 kb in length and a single major capsid protein with a molecular mass of 60 to 71 kDa. Members of the Caliciviridae family are the feline calicivirus (FCV), the San Miguel sea lion virus (SMSV), and the prototype, vesicular exanthema of swine virus. Sequence analyses of the genomes of FCV (7, 25) and RHDV (24) revealed a large open reading frame that was proposed to code for nonstructural proteins. This prediction was based on the presence of conserved amino acid motifs that exhibit homology to picornavirus nonstructural proteins 2C, 3C, and 3D. The genes coding for the nonstructural proteins are located in the 5' two-thirds of the genome. The capsid protein is encoded in the 3' third of the genomic RNA (8, 24, 26) . A similar genome organization has been reported for the Norwalk virus (17) and the Norwalk-like Southampton virus (20) . In (23) . In vitro translation of this 2.2-kb RNA gave rise to a protein with an apparent molecular mass of 60 kDa that comigrated with the RELATIONSHIP OF EBHSV TO RHDV AND OTHER CALICIVIRUSES 5165 mature capsid protein (4) . N-terminal sequence analysis of peptide fragments obtained by CNBr cleavage of the capsid protein of RHDV (32) suggested that most of the capsid protein starts at the first methionine encoded by the subgenomic RNA.
In the present study we report analyses of EBHSV primarily with respect to its relationship to RHDV and other caliciviruses. In particular, cloning and sequencing of the 3'-terminal 2.8 kb of the EBHSV genome including the complete capsid protein gene is described. The deduced amino acid sequence of the capsid protein was compared with published sequences of RHDV and other caliciviruses.
MATERIALS AND METHODS
RNA isolation and Northern (RNA) blot hybridization.
RNA was isolated from frozen liver by using guanidinium isothiocyanate and centrifugation through a cesium chloride cushion (10) as previously described (30) . Two (34) . Cloning in LambdaZapll (Stratagene) and in vitro packaging using Gigapack Gold (Stratagene) were performed as recommended by the supplier. Ligation of the cDNA in plasmid pBluescript (Stratagene) and transformation into competent Escherichia coli XL1-Blue were carried out according to standard protocols (35) . Screening of the phage library with 32P-labeled cDNA was carried out as described by Benton and Davis (2) . Screening of the plasmid library by colony hybridization was performed according to the procedure of Grunstein and Wallis (13) .
Sequence determination. Nucleotide sequence determination was performed by the dideoxy chain termination method (36) . A nested set of deletions of the cDNA inserts was constructed with exonuclease III and nuclease S1 (14) . Alkali (11) .
Construction of expression plasmids and purification of fusion proteins. RHDV cDNA fragments were expressed in E. coli by using plasmid pEX34b, which is derived from plasmid pEX31 (38 (38) . Extracted fusion proteins were further purified by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, the gels were stained for about 10 min with Coomassie blue (0.25% Coomassie blue, 50% methanol, and 10% acetic acid), and bands containing fusion protein were excised after 2 to 3 h of destaining (30% methanol, 10% acetic acid). Fusion protein was electroeluted for 24 h at 4 V/cm by using a commercially available elution device (Biotrap; Schleicher & Schull). The eluted protein was dialyzed against ammonium carbamate buffer (100 mM, pH 7.5), lyophilized, and resuspended in phosphate-buffered saline (PBS). Immunoblots to test the reactivity of monoclonal antibodies (MAbs) to RHDV and EBHSV antigen were performed as described previously (30) . Dilutions of 1:500 of the anti-RHDV MAbs 3H6, 6D6, 1H8, 5D1, and 3H2 were incubated overnight. Specific binding was detected with peroxidaseconjugated anti-mouse antibodies (Dianova) diluted 1:2,500 and 2,2-chloronaphthol (Sigma) as a substrate.
ELISA. RHDV and EBHSV antigen samples were diluted 1:3 in PBST and incubated at 37°C for 1 h in 96-well flatbottom plates (Nunc I; Nunc) coated with rabbit anti-RHDV hyperimmune serum as described previously (30) . After repeated washings with PBST, the plates were incubated first (1 h at 37°C) with anti-RHDV MAbs diluted 1:500 in incubation buffer (PBST, 2% rabbit normal serum) and then with peroxidase-conjugated anti-mouse antibodies (Dianova) at a dilution of 1:1,000 in PBST (30 min). O-Phenylenediamine (Sigma) was used as a substrate. MAb 075, which is directed against foot-and-mouth disease virus, served as a control. The cutoff values for negatives in an ELISA for routine diagnosis were determined as threefold standard deviations derived from a panel of 60 EBHS-negative liver samples from hares and 83 RHD-negative liver samples from rabbits. In comparison with negative controls, the relative optical density readings for MAbs 3H6 and 6D6 ranged between 2 and 9 (3H6) and 3 and 12 (6D6).
Nucleotide sequence accession number. The nucleotide sequence data reported in this article have been deposited with the EMBL and GenBank data libraries under accession no. U09199.
RESULTS
Cross-reactivity of anti-RHDV MAbs with EBHSV. A panel of anti-RHDV MAbs (3H6, 6D6, 1H8, 5D1, and 3H2), all reactive with the RHDV capsid protein VP60 (5), was tested for recognition of EBHSV-specific antigen by using ELISA and Western blot ( Fig. 1 and Table 1 ). It turned out that three of five anti-RHDV MAbs reacted with EBHSV. Interestingly, two cross-reacting MAbs (3H6 and 6D6) were positive only by ELISA, suggesting that they recognized discontinuous epitopes (4a). In contrast, MAb SD1 reacted exclusively with the denatured EBHSV capsid protein. These results confirm Reactivity of anti-RHDV MAbs with liver samples from hares. Liver homogenates from 14 hares were tested for reactivity with the anti-RHDV MAbs 3H6 (left bar) and 1H8 (middle bar) in an ELISA using a rabbit anti-RHDV hyperimmune serum to trap viral antigens. The liver samples were derived from hares infected with EBHSV experimentally (samples 1 and 2) and naturally (samples 3, 4, 6 to 8, and 10 to 14) as well as from hares diagnosed with pseudotuberculosis (samples 5 and 9). RHDV antigen and the foot-and-mouth disease virus-specific MAb 075 (right bar) served as controls. The results represent the mean optical density (OD) values of four replicates obtained at 492 nm. In the field samples obtained form hares, degradation of viral antigen cannot be ruled out and may have contributed to the low OD reading of sample 8. for screening of a cDNA library constructed in pBluescript. A positive clone (pEB-1) with a 1.4-kb large insert was identified. Additional EBHSV-specific cDNA clones were obtained from a second cDNA library constructed in LambdaZapll. In total, 2,806 nucleotides from the 3' region of the EBHSV genome were determined from four overlapping cDNA clones (Fig. 4) Amino acid sequence comparisons showed that the 84.9-kDa protein exhibits 77% homology (identical amino acid residues) to the corresponding region of the polyprotein encoded in ORF1 of RHDV. The homology is not distributed evenly along the polypeptide (Fig. SA and B) . There (24) .
are, therefore, in a favorable context for translation initiation (18) . In order to map the N terminus of the capsid protein of EBHSV, a Western blot analysis was performed with antisera against fusion proteins containing different parts of the polyprotein encoded in the 3' region of ORF1 of RHDV ( Fig.  6 and 7 ). Antiserum against fusion protein H that includes the first 31 amino acids of the RHDV capsid protein specifically reacted with a protein of about 60 kDa in a liver homogenate of an EBHSV-infected hare. This protein migrated slightly more slowly than the capsid protein of RHDV. The 60-kDa protein was also recognized by antisera against fusion protein I, which contains the C-terminal 58-kDa large part of the RHDV capsid protein but not by antisera against fusion protein G, which lacks the 70 C-terminal amino acids of the RHDV (Fig. 6 ).
protein. There is no methionine between the C terminus of fusion protein G and the methionine at position 219. We, therefore, conclude that this methionine most likely represents the functional initiation codon at which translation of the subgenomic RNA of EBHSV starts.
A multiple alignment between the capsid protein sequences of RDHV, EBHSV, FCV, SMSV, Norwalk virus, and Southampton virus was obtained with the program Pileup (Fig.  8) , and the percentage of identical amino acid residues was calculated from this alignment for each pair of caliciviruses ( Table 2 ). The overall homology between the capsid proteins of RHDV and EBHSV is 76%. The homology to other caliciviruses is considerably lower, and the Norwalk virus is the most distantly related virus. Interestingly, the homology between RHDV and EBHSV is higher than the homology between serotypes 1 and 4 of SMSV (72%) and the homology between Norwalk virus and Southampton virus (72%) but considerably lower than the homology between the F9 and CFI/68 strains of FCV (90%). There are a total of 135 amino acid changes between the capsid proteins of EBHSV and RHDV including a deletion of 4 aa near the N terminus of the EBHSV sequence and an insertion of 1 aa near the C terminus of the EBHSV sequence. Most of the changes are located in the C-terminal half of the capsid protein. The N-terminal half (aa 219 to 511) is considerably more conserved (Fig. SB) One main difference between the N-terminal part and the C-terminal part with regard to amino acid composition is that the former is more highly charged and contains a lower percentage of small amino acids (A, G, S, and T). A striking feature of the multiple alignment was that more than 25% (14 of 49) of the strictly conserved residues are proline residues. The capsid protein of RHDV the capsid is assumed to interact with the nucleic acid and a high content of basic amino acids is a characteristic feature of many nucleic acid-binding proteins. Nevertheless many of the basic residues in the N-terminal part are strictly conserved in the multiple alignment of the capsid protein sequences. In contrast, there is no conservation of basic residues in the C-terminal portion, suggesting that the positive charge of the basic residues is essential for the function of the N-terminal part but not for the function of the C-terminal part.
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The capsid protein of EBHSV is encoded in the 3' region of the genome and is preceded by the putative RNA polymerase gene. Both genes are part of the same open reading frame. The location of the polymerase gene in front of the capsid protein gene is the same for all caliciviruses, but only EBHSV and RHDV encode both genes in a continuous open reading frame. Other known caliciviruses encode the capsid protein and the polymerase in separate open reading frames (8, 17, 20, 26, 27) . It is clear from the analysis of the EBHSV genome and from the data reported for RHDV (24, 32) (32) . The data further suggest that most of the capsid protein is derived from the subgenomic RNA, but they do not exclude the possibility that a minor fraction of the capsid protein is generated by proteolytic cleavage of the polymerase capsid polyprotein. Depending on the location of the cleavage site, this proteolytic product may be similar in size to the translation product of the subgenomic RNA, but it is also possible that the cleavage product is considerably different in size. (24) , FCV strain F9 (8) , FCV strain CFI/68 (27) , serotypes 1 and 4 of SMSV (26) , Southampton virus (SHV) (20) , and Norwalk virus (NV) (17) . The alignment was generated with the program Pileup (Genetics Computer Group program package) with a gap weight setting of 2 and a gap length weight setting of 0.06. Upper consensus sequence, amino acid residues conserved in at least six of the aligned sequences; lower consensus sequence, amino acid residues conserved in all sequences. Amino acid differences between the capsid proteins of EBHSV and RHDV (asterisks), gaps inserted in the sequences to maximize homology (dots), and amino acid positions in the EBHSV sequence are indicated.
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